Mutations and deregulation of adenomatous polyposis coli (APC) and ␤-catenin are implicated in specific cancers of the pancreas, but the role of Wnt pathway in normal pancreas development and homeostasis is unknown [1] [2] [3] [4] . This article reports a comprehensive investigation of the activity and the role of the Wnt pathway in pancreas organogenesis. We have used two reporter lines to monitor canonical Wnt pathway activity during development and after birth and demonstrate activity in endocrine cells and in the mesenchyme. We have specifically deleted the ␤-catenin gene in the epithelium of the pancreas and duodenum by using Pdx1-Cre mice. In agreement with Wnt pathway activity in pancreatic endocrine cells, we find a reduction in endocrine islet numbers. Our study reveals that ␤-catenin deletion also affects cells in which Wnt pathway activity is not detected. Indeed, ␤-catenin mutant cells have a competitive disadvantage during development that also affects the exocrine compartment. Moreover, the conditional knockout (KO) mice develop acute edematous pancreatitis perinatally due to the disruption of the epithelial structure of acini. These effects are likely to be due to the function of ␤-catenin at the membrane. Mice later recover from pancreatitis and regenerate normal pancreas and duodenal villi from the wild-type (wt) cells that escape ␤-catenin deletion. (dpc) (data not shown) and 14.5 dpc ( Figures 1A-1E) , lacZ staining is found in clusters of epithelial cells (Figure 1E) that coexpress glucagon or insulin (Figures 1B-1D) . Most endocrine cells are lacZ + . At this stage, staining is also detected in the lung epithelium, confirming the canonical Wnt pathway activity already demonstrated by using the TOP-gal or BAT-gal reporter mice (data not shown) [10, 11]. At 15.5 dpc, Wnt activity is observed in the duodenum at the base of the nascent villi, where the crypts will later form, a known site of Wnt pathway activity that is not detected in the BATgal mice (Figures 1M and 1N) . Activity is maintained in islets of newborn mice ( Figures 1K and 1L ) but is lost in the pancreas of 6-week-old mice (data not shown). As reporter strains for the canonical Wnt pathway might monitor only a subset of cells in which this pathway is active, we have used the BAT-gal reporter mice to detect possible additional sites of activity in the pancreas ( Figures 1F-1J 
(dpc) (data not shown) and 14.5 dpc ( Figures 1A-1E ), lacZ staining is found in clusters of epithelial cells (Figure 1E) that coexpress glucagon or insulin (Figures 1B-1D ). Most endocrine cells are lacZ + . At this stage, staining is also detected in the lung epithelium, confirming the canonical Wnt pathway activity already demonstrated by using the TOP-gal or BAT-gal reporter mice (data not shown) [10, 11] . At 15.5 dpc, Wnt activity is observed in the duodenum at the base of the nascent villi, where the crypts will later form, a known site of Wnt pathway activity that is not detected in the BATgal mice ( Figures 1M and 1N) . Activity is maintained in islets of newborn mice ( Figures 1K and 1L ) but is lost in the pancreas of 6-week-old mice (data not shown). As reporter strains for the canonical Wnt pathway might monitor only a subset of cells in which this pathway is active, we have used the BAT-gal reporter mice to detect possible additional sites of activity in the pancreas ( Figures 1F-1J ) [11] . This reporter reveals high activity in numerous mesenchymal cells ( Figure 1F , black arrowheads) and lower levels in most epithelial ( Figure 1J , white arrowhead) endocrine cells expressing glucagon ( Figures 1G-1I ). Wnt pathway activity in the pancreas is not detected in the acinar and ductal compartments at any stage in both strains ( Figure 1O ).
Competitive Disadvantage of ␤-Catenin-Negative
Cells in a Mosaic Pancreatic Environment β-catenin plays a central role in the canonical Wnt signaling pathway [12, 13] . β-catenin-deficient mice die around 6-7 dpc [14] . This early embryonic lethality has precluded analyses of β-catenin functions during later development and organogenesis. In order to delete β-catenin in the pancreas, we have crossed Pdx1-Cre transgenic animals [15] with mice heterozygous for a b-catenin null allele (b-cat +/lacZ ). Heterozygous b-catenin KO animals are viable, fertile, and show no developmental abnormalities [14] . We have crossed animals that carried the hemizygous transgene and one b-catenin null allele with mice homozygous for the floxed b-catenin allele [16] . These floxed mice have previously been used to successfully inactivate β-catenin in vivo [16] [17] [18] [19] . This combination of alleles optimizes deletion efficiency, as only one floxed allele needs to be recombined to delete b-catenin. Lineage analyses using the cre-lox system have demonstrated that Pdx1-expressing cells will give rise to all cells of the pancreas (ducts, acini, and islets) [15, 20, 21] . Pdx1 is expressed as early as 8.5 dpc in the pancreas anlage and remains expressed in all pancreatic epithelial cells as the dorsal and ventral buds evaginate in the mesenchyme. As cells differentiate from progenitors, Pdx1 expression ceases in α (glucagon), δ (somatostatin), PP (pancreatic polypeptide), and ductal cells and is strongly downregulated in acinar cells. It is maintained throughout adulthood in insulin-expressing β cells [22, 23] . To confirm the efficiency of the Pdx1-Cre transgene, we have used a recombinase inducible YFP reporter under the control of the ROSA26 locus (R26R-YFP) [24] . This reporter Quantitative analysis of endocrine islets in newborns using immunostaining for insulin. Quantification was performed on every tenth section, covering the entire pancreas. Small islets contain three to ten cells and big islets more than ten cells. Bars indicate mean ± SEM (n = 3).
islets is also decreased to 60% of control values (data not shown).

Acute Edematous Pancreatitis in 18.5 dpc and Newborn Mutants
In the pancreas of newborn mice, more than 90% of epithelial cells have recombined the R26R locus in both controls and conditional KOs (Figures 2C and 2D ). However, a Western blot on protein lysates shows no significant decrease of β-catenin protein in conditional KO ( Figure 2G ). These results show that between 14.5 dpc and birth, the proportion of cells that have undergone recombination at the R26R locus has increased (from 57% to 90%) in pancreatic epithelial cells but that most of these cells have not deleted the b-catenin locus. Nevertheless, a strong reduction of the β-catenin protein is observed at the membrane in the exocrine compartment of newborn conditional KOs (Figures 2E and 2F ). This suggests that the protein is not absent but displaced from the membrane in wt cells.
The gross morphology of the pancreas from mutant mice appears normal at 18.5 dpc and in newborns (Figures 4A and 4B) , suggesting that wt cells largely compensate for the loss of β-catenin KO cells. However, the conditional KOs display inter-and intra-lobular edema ( Figures 4C and 4D ). Large regions of the pancreas exhibit disorganized acini, with round cells exiting the epithelium ( Figure 4L ). Goldner trichrome staining, which reveals collagen in green, shows that the interstitial space between acini does not contain collagen deposits but has accumulated fluid (data not shown). In addition, electron microscopy reveals numerous vacuoles in 50% of acinar cells of KO tissue (Figures 4H and 4L) . These histological observations are typical for mild forms of acute edematous pancreatitis seen in humans or in mouse models after induction with cerulein, which triggers exocrine enzyme release [25] . In this experi- mental model, dissociation of β-catenin from adherens junctions is also reported [26] . To investigate whether cell adhesion was generally disrupted, we have visualized cell junctions in the pancreas of newborn mice by using electron microscopy and find adherens junctions and desmosomes in conditional KO tissue, even between vacuolated cells (Figures 4I and 4J) . Moreover, E-cadherin is present at cell membranes of conditional KO acini, confirming that adherens junctions are not disrupted (Figures 4M and 4N) . Plakoglobin/γ-catenin, a component of desmosomes and adherens junctions, may compensate for β-catenin loss in junctions [14, 27] . Plakoglobin is, however, present, but not upregulated, in KO pancreas (Figures 4O and 4P) . Cell polarity is largely conserved in KO pancreas, but some acinar cells appear fragmented, more round, and in the process of exiting the epithelium ( Figure 4L ). These cells may allow the leakage of enzymes between acinar cells and therefore pancreatitis. The most affected cells are in the process of dying, but we do not observe condensed nuclei in conditional KO tissue, suggesting absence of apoptosis. In agreement with this observation, cleaved caspase 3, a marker of apoptosis, is found only occasionally in cells of conditional KOs and wt (data not shown). Cell proliferation in conditional KOs is decreased to 25% of control values as assessed by immunostaining for Ki67 ( Figure 4K) .
In addition to its expression in the pancreas, Pdx1 is expressed in the duodenum during development, a known site of Wnt pathway activity that we confirm in the conductin reporter strain. Accordingly, we observe fewer and shorter duodenal villi in conditional KOs (Figures 4E and 4F ). 
Adult Pancreas Totally Recovers
Discussion
We analyze the activity of the Wnt/β-catenin pathway and the role of β-catenin in pancreas development. By using the conductin-lacZ and BAT-gal reporter strains, we observe a restricted activity of this pathway in endocrine cells during development and at birth. Importantly, this activity in endocrine cells is corroborated by the patterns of expression of Wnts and Frizzled. Indeed, Wnt1 is expressed in the mesenchymal cells surrounding the developing endocrine clusters at 15.5 dpc. Moreover, Frz2, Frz3, and Frz7 are expressed in endocrine cells [6] . In agreement with Wnt pathway activity in endocrine cells during development, our specific deletion of β-catenin in the pancreas results in reduced islet numbers. The Wnt pathway may be important for the expansion or survival of endocrine cells during development. In addition to its central role in the Wnt signaling pathway, β-catenin binds to the cytoplasmic tail of E-cadherin in adherens junctions [28] . Our experiments do not rule out that the loss of endocrine cells may be due to the role of β-catenin at the membrane. β-catenin loss may rapidly induce nonapoptotic death of pancreatic or endocrine progenitors, leading to a decrease of endocrine cell numbers. In adult mice, we show that the Wnt pathway is not active in islets. Moreover, our inactivation experiments show that β-catenin is not necessary for function or homeostasis of β cells or to maintain islet architecture. Indeed, glucose tolerance is normal in these mice, and they display glycemia similar to controls at the age of 14 months.
In the exocrine compartment, KO cells do not accumulate over time. Even though recombination, as assessed with the R26R-YFP reporter, occurs in 57% of cells in conditional KOs, we still detect β-catenin protein at 14.5 dpc around the membrane of 84% of epithelial cells. The Pdx1 promoter is active as early as 8.5 dpc and persists throughout development in pancreas progenitors. The number of cells recombined at the R26R locus increase with time and double between 12.5 and 14.5 dpc. It is unlikely that stability of membranous β-catenin solely accounts for this persistence. One simple explanation is that recombination at the β-catenin locus might be less efficient than at the R26R locus. The accumulation of cells recombined at only one locus is further documented in newborns where 90% of the epithelium is YFP + but β-catenin levels are normal by Western Blot. We know that the β-catenin locus can be efficiently recombined in other tissues [16] [17] [18] [19] , and in our experiments, β-catenin is largely absent from islets in adult mutants. Our observations suggest that β-catenin KO cells cannot be maintained in the exocrine compartment and are out competed by wt cells. In favor of this model, less recombined cells expressing YFP are observed in conditional KOs compared to controls at 12.5 and 14.5 dpc (of importance, the experimental setup provided the same number of loxP sites) and the counter-selection increases between these two time points. β-catenin-deficient cells are hypoproliferative. Continuous expression of Cre in progenitors until birth should have nevertheless allowed the progressive accumulation of KO cells differentiating from progenitors. We therefore think that in addition these cells die, possibly after exiting the epithelium. Interestingly, these cells do not die by apoptosis, as the number of cells with cleaved caspase 3 or apoptotic nuclei as detected by electron microscopy is not increased. Compensatory expansion of wt cells may explain why the size of the pancreas is otherwise normal at 12.5 and 14.5 dpc. At 18.5 dpc, a slight hypoplasia, not observed from gross morphology, is detected after quantification on sections.
At 18.5 dpc and in newborns, β-catenin inactivation causes acute edematous pancreatitis, characterized by infiltrated fluid, vacuolated tissue, and β-catenin displacement from membranes. A strong increase in apoptosis is not observed. Because none of the reporter strains showed activity in acinar cells, it is likely that the pancreatitis phenotype is independent of the canonical Wnt pathway. By using electron microscopy and immunofluorescence, we observe that adherens junctions and desmosomes are present even between vacuolated cells. In spite of its relocation, β-catenin is not depleted in most exocrine cells and one may wonder how pancreatitis is initiated. The presence of even few KO cells may generate disorganized acini and lead to the release of digestive enzymes between acini. Epithelial disorganization is observed from 12.5 dpc ( Figure  S1 ) and peaks perinatally when there are round cells exiting the epithelium (Figure 4L ). The phenotype observed here is similar to that caused by cerulein, a cholecystokinin analog that triggers massive enzymatic release.
Our results using BAT-gal mice suggest canonical Wnt pathway activity in mesenchymal cells in the pancreas. The Pdx1 promoter is not active in these cells. The function of Wnts in the pancreas mesenchyme and possible secondary effects in the epithelium remain to be investigated. In the transgenic mice expressing Wnt1 under the control of the Pdx1 promoter, hypoplasia was observed [6] . The opposite phenotype is not observed here. In these experiments, Wnts may signal to the mesenchyme, which then might influence the epithelium.
Activating mutations of β-catenin and loss-of-function mutations of APC were demonstrated in nonendocrine tumors of the pancreas: pancreatoblastomas [1] , acinar cell carcinomas [2] , solid-cystic papillary tumors, and solid pseudo papillary tumors [3, 4] . In the intestinal epithelium, Wnt pathway activity is important for development and homeostasis. In the duodenum of newborn mutants, we observe loss of villi and decreased proliferation in agreement with previously published experiments using overexpression of dickkopf-1, a Wnt pathway inhibitor, or β-catenin inactivation [29] [30] [31] . When Wnt signaling is overactivated by mutations in APC, β-catenin or axin hyperproliferation is induced, which eventually results in colon cancer. In the pancreas, canonical Wnt pathway activity is not detected in nonendocrine cells with both reporters we analyzed. This suggests that the Wnt pathway is either active at low levels or active in too few progenitor cells to be detected during development and homeostasis. Alternatively, a pathway that is not used in normal pancreas homeostasis might lead to tumor formation. These activating mutations may alternatively impair the function of β-catenin at the membrane and therefore block contact-mediated arrest signaling [32] . The Wnt pathway may also be relevant to endocrine tumors: in the Men1 somatic-deleted mouse model, alteration of E-cadherin and β-catenin expression is observed during insulinoma progression [33] but no mutation of the canonical Wnt pathway components were reported.
Experimental Procedures
Breeding Scheme and Genotyping The breeding procedure is described in the Results. DNA isolated from embryonic tissue or tail biopsies was used for genotyping animals. PCR primers are described in the following references: for Pdx1-Cre transgene [ 
Electron Microscopy
Pancreas from newborn mice were dissected and cut into small blocks, which were fixed for 2 hr at 4°C with 2.45% glutaraldehyde in cacodylate buffer. Tissues were then postfixed with 1% osmium tetroxide in cacodylate buffer at room temperature for 1 hr, dehydrated, and immersed in propylen oxide. After incubation in a mix of propylen oxide and EPON at room temperature, blocks were embedded in EPON and polymerized at 60°C. Sections were contrasted with uranylacetate and lead citrate.
Glucose Tolerance Test 6-week-old mice were starved overnight. 20 mg/10 g body weight of a 20% glucose solution was injected intraperitoneally. Glucose level in blood was measured from tail by using a glucometer (Glucotrend, Roche) at time points 0 and then 30, 60, 90, and 120 min after injection. 
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